Giant Neurons in the Rat
The mammalian acoustic startle response (ASR) is a relatively simple motor response that can be elicited by sudden and loud acoustic stimuli. The ASR shows several forms of plasticity, such as habituation, sensitization, and prepulse inhibition, thereby making it an interesting model for studying the underlying neuronal mechanisms. Among the neurons that compose the elementary startle circuit are giant neurons in the caudal pontine reticular nucleus (PnC), which may be good candidates for analyzing the neuronal basis of mammalian behavior. In a first step of this study, we employed retrograde and anterograde tracing techniques to identify the possible sources of input and the efferent targets of these neurons. In a second step, we performed intracellular recordings in vivo, followed by subsequent injections of HRP for morphological identification, thereby investigating whether characteristic features of the ASR are reflected by physiological properties of giant PnC neurons. Our observations demonstrate convergent, bilateral input from several auditory brainstem nuclei to the PnC, predominantly originating from neurons in the cochlear nuclear complex and the superior olivary complex. Almost no input neurons were found in the nuclei of the lateral lemniscus.
As the relatively long neuronal response latencies in several of these auditory nuclei appear to be incompatible with the primary ASR, we conclude that neurons in the cochlear root nuclei most likely provide the auditory input to PnC neurons that is required to elicit the ASR. The giant PnC neurons have a remarkable number of physiological features supporting the hypothesis that they may be a neural correlate of the ASR: (1) they receive short-latency auditory input, (2) they have high firing thresholds and broad frequency tuning, (3) they are sensitive to changes in stimulus rise time and to paired-pulse stimulation, Received Mar. 25, 1993; revised Aug. 4, 1993; accepted Aug. 12, 1993. This study was supported by DFG Grants SFB 307 and Fr 772/l-2 and by a scholarship from Graduiertenkolleg Neurobiologie of the University of Ttibingen to K.L. We thank Dr. Horst Herbert for technical advise, Dr. Michael Koch for critically reading the manuscript, and Gwynn Goldring for correcting our English.
Send correspondence to Eckhard Friauf at the above address. "Present address: Ciba-Geigy AG, P.O. Box, CH-4002 Basel, Switzerland. To understand the neuronal mechanisms of behavior, neurobiologists need neural circuits that are simple enough to delin eate. Very successful attempts toward this goal particularly have been made in invertebrates [e.g., gill withdrawal reflex (Kandel, 1991) and negative phototaxis in marine snails (Crow, 1988) ] and in lower vertebrates (e.g., Mauthner escape system and swimming behavior in teleost fish; Roberts, 1990; Eaton et al., 199 1; Grillner et al., 199 l) , yet were seldom performed in higher vertebrates. The mammalian startle response is a relatively simple motor response to various external stimuli that occurs in a wide variety of species, including humans (Landis and Hunt, 1939) . One form of the startle response, the acoustic startle response (ASR), can be elicited by sudden and loud acoustic stimuli (Prosser and Hunter, 1936) . The ASR consists of a sequence of reflexive muscle contractions, involving muscles of the head, neck, forelimbs, and hindlimbs (summarized in Caeser et al., 1989) . In the rat, very short electromyographic latencies of only 5-6 msec occur in head and neck muscles (Hammond et al., 1972; Pilz et al., 1988; Rosen and Davis, 1988; Caeser et al., 1989; Pellet, 1990) with forelimb muscles contracting after 6-7 msec (Ison et al., 1973) and hindlimb muscles after 8-10 msec (Ison et al., 1973; Davis et al., 1982a) . These very short latencies indicate that the elementary neuronal circuit mediating the ASR involves only a few central synapses and may thus be relatively simply organized, suggesting that there is a good chance of identifying the participating neuronal elements, and then using the ASR as a model for investigating the neuronal basis of behavior in mammals. Prosser and Hunter (1936) were the first to propose a complete elementary startle circuit, yet the most influential report was later published by Davis et al. (1982a) , based mainly on electrical stimulation and lesion studies. Davis and colleagues postulated an elementary startle circuit that comprises five central relay stations as well as the neuromuscular junction: auditory nerve, ventral cochlear nucleus (VCN), nuclei of the lateral lemniscus (NLL), nucleus reticularis pontis caudalis, spinal inter-neurons, motoneurons, and muscles. There is no doubt that obligatory parts of the elementary acoustic startle circuit are neurons in the cochlear nuclear complex as well as cranial and spinal motoneurons. However, the linking neuronal elements, which form the sensorimotor interface, need to be further elucidated. We believe that the understanding ofthe circuitry would benefit from an analysis using modern and sensitive methods. These may help clarify apparent contradictions in the existing data. For example, whereas Davis et al. (1982a) thought that the NLL contributes to the ASR, Shammah-Lagnado et al. (1987) failed to find labeled NLL neurons after injections of HRP into the rat pontine reticular formation. Furthermore, the earliest auditory responses in the rat NLL are found after 4.4 msec (PreuB, 199 I), a latency that appears to be too long to account for the short ASR latencies of 5-6 msec seen in head muscles (Hammond et al., 1972; Pilz et al., 1988; Rosen and Davis, 1988; Caeser et al., 1989; Pellet, 1990 ) making it rather unlikely that NLL neurons participate in the primary ASR. Furthermore, Davis and colleagues originally postulated that the dorsal NLL is a relay station (Davis et al., 1982a; Davis, 1984) yet later proposed the ventral NLL as a more likely candidate (e.g., Davis et al., 1986 ) and most recently claimed that "an area just medial and ventral to the ventral nucleus of the lateral lemniscus" is involved (Davis, 1992) .
Over the past years, compelling evidence has been provided pointing to the involvement of the pontine reticular nucleus (which is equivalent to the nucleus reticularis pontis caudalis) in the ASR (Szabo and Hazafi, 1965; Hammond, 1973; Leitner et al., 1980; Davis et al., 1982a; Boulis and Davis, 1989; Miiller and Klingberg, 1989; Yeomans et al., 1989; Koch et al., 1992) . Neurons in this area can be driven acoustically (Siegel and McGinty, 1977; Siegel and Tomaszewski, 1983; Lingenhohl and Friauf, 1992) and neuronal activity correlates nicely with electromyograms when startle-eliciting stimuli are presented (Wu et al., 1988) , providing further evidence that this reticular region participates in the ASR. However, the pontine reticular nucleus contains heterogeneous cell populations with small, medium, and very large neurons (Taber, 196 1; Valverde, 196 1; Andrezik and Beitz, 1985; Newman, 1985) . Therefore, it is difficult to attribute extracellular recordings to a certain cell population. In a recent study, we tried to circumvent this problem by using intracellular recording techniques combined with intracellular injection of HRP in the rat (Lingenhbhl and Friauf, 1992) . We identified and characterized giant neurons in the caudal pontine reticular nucleus (PnC) that receive acoustic input with a mean EPSP onset latency of 2.6 msec and a mean spike latency of 5.2 msec. These latencies are short enough to make these cells a good candidate for mediating the ASR. This conclusion is consistent with findings by Koch et al. (1992) , who used a neuronspecific, axon-sparing lesion technique and demonstrated a close correlation between the number of giant PnC neurons and the amplitude of the ASR.
The present study was designed to identify the afferent input onto these neurons, to reveal their efferent projections, and to find response properties of giant PnC neurons that correlated with some of the characteristics of the ASR, for example, sensitivity to changes in rise time (Fleshler, 1965; Pilz, 1989 ), shortterm habituation (Prosser and Hunter, 1936; Moyer, 1963; Davis and File, 1984) prepulse inhibition (Hoffman and Searle, 1965; Ison and Hammond, 197 1; Hoffman and Ison, 1980; Ison and Hoffman, 1983) , and fear conditioning (Brown et al., 195 1; Hitchcock and Davis, 1986; Davis et al., 199 1; Davis, 1992) . To achieve our goal, we used retrograde and anterograde tracing techniques as well as intracellular electrophysiology with subsequent HRP injections. Our data show that giant PnC neurons fulfill all ofthe above-tested criteria and that these neurons can therefore be considered a sensorimotor interface in the elementary startle circuit. Our results further suggest that the elementary startle circuit is composed of fewer synapses than previously thought.
A preliminary report of this study has been published (Lingenhiihl et al., 199 1).
Materials and Methods
Forty-nine adult female Sprague-Dawley rats (2 lo-390 gm) were used in the present study. Forty animals were used for intracellular electrophysiology and nine animals for anterograde or retrograde tracing experiments. Intracellular electrophysiology and HRP injections A total of 40 animals were used for intracellular electrophysiology and HRP injections. A full description of the experimental setup, the surgical, electrophysiological, and histological procedures, as well as the data analysis has been provided elsewhere (Lingenhohl and Friauf, 1992) .
Acoustic stimulation Pure-tone (range, 5-55 kHz), linearly frequency-modulated (l-50 kHz), or broad-band noise pulses (range, 5-100 kHz) were presented in a dichotic stimulation system coupled to the two hollow ear bars. Pulses were presented at 1.5 Hz (0.5 Hz in paired-pulse experiments) and usually had a duration of 80 msec (range, 20-250 msec) and transition times of 2.5 msec (range, 2.5-40 msec). The acoustic system was calibrated in four animals as described previously (Friauf and Ostwald, 1988) and maximal stimulus intensities reached 80 dB SPL. Prepulses, when applied, consisted of noise pulses, 20-80 msec in duration, presented with their onset 40-500 msec prior to the onset of the second stimulus (interstimulus interval).
Electrical stimulation A total of 16 animals were prepared for electrical stimulation of brain nuclei or of the spinal cord. Stimulating electrodes were twisted copper wires (total diameter, 200 pm) that were insulated except for their tips. These electrodes were stereotaxically implanted into the amygdaloid complex (five animals), the superior colliculus (two animals), and the ventral white matter ofthe thoracic spinal cord (16 animals). In addition, electrodes were placed on the surface of the dorsal cochlear nucleus (DCN; five animals) under visual guidance. Stimuli were constant-current pulses of 70 psec duration with amplitudes between 0.1 and 10 mA.
Data analysis
Morphological reconstruction. Labeled neurons were drawn in the coronal or sagittal plane with the aid of a camera lucida at a magnification of 300-400 x . By means of a computerized system, the dendritic organization and axonal course were reconstructed three-dimensionally. A detailed description of the procedure has been given previously (Friauf, 1986; Sommer et al., 1993) . Morphometric measurements were performed at a magnification of 500 x . Axonal diameters were measured at three locations along the axon: close to the cell body, before bending into the medial longitudinal fascicle, and within the medullary reticular formation. At each location, three measurements were made and then averaged.
Physiology.
Thorough analysis of the electrophysiological data was performed off line. EPSP latencies and spike latencies were measured between the onset of the acoustic/electrical stimulus and the onset of the EPSP and spike, respectively. Each given latency for a single cell is the arithmetic mean of 20 records. The mean values of all cells were calculated as the arithmetic mean of the individual mean values. The maximal EPSP amplitude was measured by averaging the signals from 20 records. The tonic EPSP amplitude was measured three times, 25 msec and 50 msec after reaching the maximal amplitude and just before the falling phase of the acoustic stimulus, and is given as the arithmetic mean of these values. Spike thresholds were determined audiovisually. and Friauf -Giant PnC Neurons and the Acoustic Startle Response EPSP thresholds and spike thresholds were determined at a neuron's best frequency. Following electrical stimulation ofthe spinal cord, spikes were classified as antidromic when they appeared with short and constant latency.
Methodological considerations
All of our electrophysiological experiments were performed in deeply anesthetized animals that did not show an ASR. Therefore, we were unable to correlate neuronal responses with behavioral activity (e.g., EMG responses), and consequently, the discussion ofour data is limited to a comparison of parallels that are manifested in both neuronal and behavioral responses. Furthermore, since we could not produce acoustic stimuli above 80 dB SPL with our closed acoustic system, we were unable to mimic exactly the stimulus conditions used in behavioral ASR tests. Thus, our results do not prove any causality between the activity of giant PnC neurons and the ASR.
Tracing experiments
Nine animals were anesthetized with intramuscular injections of a mixture of ketamine (100 mg/kg) and xylazine (2 mg/kg) and placed in a stereotaxic frame. The initial surgical procedure was the same as described above, except that the cerebellum was left intact. The local anesthetic xylocaine was administered before craniotomy. Following the tracer injection (Fluoro-Gold or Phaseolus vulgaris leucoagglutinin), the wound was sutured and covered with Nebacetin.
Retrograde tracing with Fluoro-Gold. The retrograde fluorescent tracer Fluoro-Gold (Fluorochrome Inc.) was injected into the PnC of five rats to identify the afferent input to the PnC. Injection pipettes with tip diameters of 40-60 pm were inserted into the brains at a lateral angle of lo" and a rostra1 angle of 20". A 2% solution of Fluoro-Gold in 0.1 M cacodylate buffer at pH 7.5 was iontophoretically injected (+6 FA, lo-15 min, 5 set on/off). After a survival time of 5 d, the rats were deeply anesthetized and perfused through the heart with 0.9% saline followed by 500 ml of ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4. The brains were removed, postfixed overnight in a 30% sucrose fixative, cut with a freezing microtome in the coronal plane at 40 pm, and divided into two series. One series was mounted directly onto gelatin-coated slides, air dried, and enclosed with DePeX and coverslips. The second series was stained with thionin. Sections from the lower medulla to the rostra1 part of the superior colliculus were viewed with fluorescent illumination, employing a UV filter set for Fluoro-Gold.
The distribution of retrogradely labeled neurons was mapped with the aid of an x,y-plotter coupled to the microscope stage. Cytoarchitectural boundaries were defined by superimposing the adjacent thionin-stained sections with the plots.
Anterograde tracing with Phaseolus vulgaris leucoagglutinin. The anterograde tracer Phaseolus vulguris leucoagglutinin (PHA-L; Vector) was injected into the PnC of four rats in order to identify the efferent projection pattern of PnC neurons. Injection pipettes were inserted into the brains at a lateral angle of lo" and a rostra1 angle of 20". Injections were made with glass micropipettes (tip diameter, 40 Frn) from which 2.5% PHA-L in IO mM phosphate buffer at pH 8.0 was iontophoresed, using pulsed positive current pulses (+ 5 WA, 5 set on/off, 15-20 min). After I4 d, the animals were deeply anesthetized and perfused through the heart with 0.1 M PBS, followed by two fixatives according to the twostep pH-change protocol of Berod et al. (1981) . Briefly, the rats were perfused with 180 ml of ice-cold 4% paraformaldehvde in 0.1 M sodium &etate buffer at pH 6.5, followed b; 300 ml of ice-cold 4% paraformaldehyde in 0. I M borate buffer at pH I I .O. Brains and spinal cords were removed and postfixed overnight at 4°C in the borate buffer fixative containing 30% sucrose. Coronal brain sections were cut on a freezing microtome at 40 Frn, starting at the level of the lower medulla and ending at the level of the superior colliculus. Sections were divided into four series; one series was directly thionin stained, another was used for immunocytochemistry, and two series were discarded. The spinal cord was cut into three segments that corresponded roughly to the cervical, thoracic, and lumbar spinal cord. In one animal, the spinal cord was cut horizontally. The spinal cords of the remaining three animals were cut in the sagittal plane on a freezing microtome at 60 pm and divided into two series. One series was directly Nissl stained and the other was used for immunocytochemistry.
Immunocytochemistry. Sections were immunocytochemically processed by the peroxidase-antiperoxidase (PAP) method (Stemberger, 1979) to identify PHA-L-labeled fibers. This procedure has been previously described in detail (Kandler and Herbert, 1991) . Briefly, nonspecific immune blocking with normal swine serum for 1 hr was followed by 36 hr ofincubation (at 4°C) with primary antibody (rabbit anti-PHA-L) diluted 1: 3000 and containing 1% normal swine serum and 1% bovine serum albumin. The sections underwent reaction with unlabeled swine anti-rabbit IgG antiserum and were then incubated in the rabbit-PAP complex. The final visualization of the PHA-L was achieved with 0.02% 3,3'-diamidinobenzidine and 0.01% H,O,. Thorough washing in Trisbuffered saline was always performed between steps. Sections were mounted, dehydrated, cleared in xylene, and coverslipped. Microscopic analysis was performed under bright-field illumination and the distribution of PHA-Llabeled fibers in the spinal cord was mapped with a camera lucida in two animals.
Results

Afferent projections,from auditory brainstem nuclei into the PnC
Following Fluoro-Gold injections into the PnC (Fig. IA ,@, retrogradely labeled neurons were seen bilaterally in several auditory brainstem nuclei. Within the cochlear nuclear complex, intensely labeled cell bodies were observed in the cochlear root nucleus (CRN; Fig. lC ), in deep layers of the DCN (Fig. lD) , and in the VCN (Fig. 1C ). In the superior olivary complex (SOC), cell bodies were mainly labeled in the lateral superior olive (LSO; Fig. 1E ). Some labeled neurons were also seen in the lateral nucleus of the trapezoid body (LNTB), and only few labeled neurons were present in other areas of the SOC. Only a negligibly small number of cells could be retrogradely labeled in the NLL. Other brainstem nuclei that are involved in the ascending auditory pathway, such as the central nucleus of the inferior colliculus and the ventral part of the medial geniculate body, were free of labeling. However, labeled neurons were found in the external cortex of the inferior colliculus, which is considered part of the descending auditory pathway (Huffman and Henson, 1990; Caicedo and Herbert, 1993) . In the DCN and the LSO, labeled neurons were distributed throughout the nuclear domains (Fig. 2 ). Since these nuclei are tonotopically organized, it appears that there is no frequency-selective projection from these nuclei into the PnC, but rather a convergence of input from the entire hearing range of the rat.
The majority of auditory brainstem neurons that projected into the PnC were located contralaterally (Table 1 ; 65% contralateral, 35% ipsilateral). Fifty-one percent of the auditory input neurons were counted in the cochlear nuclear complex (37% contralateral, 14% ipsilateral) and 49% in the SOC. In terms of cell number, the most prominent auditory input to the PnC derived from the DCN, which accounted for 39% (28% contralateral, I I % ipsilateral). Neurons in the VCN contributed 9%, and CRN neurons, 1% of the auditory input. Within the SOC, LSO neurons were clearly the most frequently labeled cells (27% ofthe total number), followed by the LNTB neurons (6%). As in the DCN, the majority of labeled LSO neurons were found contralaterally (20% vs 7% ipsilateral). From our tracing experiments it remained unclear whether the labeled neurons in auditory brainstem nuclei indeed contact giant PnC neurons and whether their input is excitatory. In order to elucidate further these open questions, we stimulated the DCN electrically while recording intracellularly from giant PnC neurons. Seven of nine cells tested responded with EPSPs that could give rise to action potentials (Fig. 3) ; the remaining two cells could not be synaptically driven with the maximal stimulus intensity used. The latencies between the electrical stimulus and the EPSP onset ranged between 1.4 and 3.8 msec (mean, 2. and PnC giant neurons likely. At stimulus intensities well above firing threshold a short-latency action potential, which was followed by a burst of action potentials, was observed ( Fig. 3 ).
Short-latency excitatory auditory input to giant PnC neurons one neurons were intracellularly labeled with HRP to enable unambiguous identification of the neuronal type and subsequent morphological analysis (Fig. 4B ). As we have previously presented the general response characteristics and the somatodendritic details of giant PnC neurons in great detail (Lingenhiihl The response characteristics of 73 PnC neurons were studied and Friauf, 1992), we will focus here on physiological data that intracellularly in response to broad-band noise or pure-tone may substantiate the role of these cells in the ASR. pulses, which were presented via two hollow ear bars. ThirtyGiant PnC neurons were excited at short latencies by acoustic Table 1 notes. stimuli (Fig. 4A) . Following noise pulses presented at 80 dB SPL, the mean latency from the stimulus onset to the EPSP onset was 2.6 msec f 0.82 msec SD, and to the spike onset, 5.2 msec f 1.83 msec SD. As will be extensively discussed later on, both of these latencies are in perfect register with the latency of the ASR.
To summarize so far, giant PnC neurons fulfill several obligatory criteria to participate in the elementary startle circuit: they receive direct input from auditory nuclei in the pontine brainstem and this input is excitatory and of short latency.
High firing thresholds and broad frequency tuning
By means of our intracellular recordings, we were able to determine spike thresholds as well as EPSP thresholds. Using noise pulses, the EPSP thresholds ranged from 30 dB SPL to 80 dB SPL, but only 1 of 36 neurons had a threshold as low as 30 dB Fluoro-Gold was injected into the PnC of five animals and retrogradely labeled neurons were counted bilaterally in the cochlear nuclear complex and the superior olivary complex. The average total number of labeled neurons was 2745 (= 100%). Max., Min., and Avg. refer to maximum, minimum and average number of labeled neurons, respectively.
"Others" refers to areas outside the nuclei proper, for example, to the acoustic stria, the granular cell layer, or periolivary regions. AVCN, SPL, whereas 17 had EPSP thresholds above 60 dB SPL (Fig.  5A ). These results indicate that giant PnC neurons have high thresholds to acoustic stimuli, which is further corroborated by the finding that 50% of the neurons tested had spike thresholds above 80 dB SPL (Fig. 5B) . The high thresholds found in giant PnC neurons imply that these cells respond only to loud acoustic stimuli and generate action potentials at sound intensities that are similar to those that elicit an ASR. Following frequency-modulated stimuli, EPSPs and action potentials were elicited over a frequency range between 10 and 40 kHz, indicating that PnC neurons are not very frequency selective but instead broadly tuned. As the ASR can be elicited by tonal stimuli throughout the rat's hearing range, our data are in good register with the behavior. They are also consistent with the above-mentioned observation of convergent input from auditory brainstem nuclei along the entire frequency axis.
Sensitivity to stimulus rise time Acoustic stimuli with short rise times are required to elicit an ASR, whereas stimuli with long rise times are less effective or even ineffective (Fleshler, 1965; Pilz, 1989) . In order to investigate whether an equivalent phenomenon occurs in giant PnC neurons, we tested the effect of the stimulus rise time on the response characteristics of five neurons. When stimuli with a relatively short rise time of 2.5 msec were applied, giant PnC neurons typically showed EPSPs with a pronounced on component, followed by a tonic component of lower amplitude (Fig.  6A) . In contrast, stimuli with longer rise times such as 20 msec elicited EPSPs in which the amplitude of the on component was significantly reduced, whereas the amplitude of the tonic component was often increased (Fig. 6A ). Gradual increases of the stimulus rise time resulted in prolonged EPSP onset latencies ( Fig. 6B ) and a slower slope of the EPSP onset (Fig. 6C) . In one neuron the EPSP latency decreased from 5.3 msec to 3.2 msec when the stimulus rise time was reduced from 20 msec to 2.5 msec. The spike response was also affected by changes in the stimulus rise time and the latency of one neuron decreased from 20.8 msec to 6.2 msec when the stimulus rise time was reduced from 40 msec to 2.5 msec. A clear on component in the peristimulus time histogram (PSTH; composed of one or two spikes) was only present when stimuli with short rise times were offered ( Fig. 6D1-D3 ,EI-E3).
The observed relation between EPSP latency and stimulus rise time could be expected from almost any neuron in the auditory system. However, such a simple Sensitivity to paired-pulse stimulation (prepulse inhibition) Stimuli of low amplitude, when given at an appropriate time interval before the startle-eliciting stimulus, are well known to reduce or even abolish the ASR (Hoffman and Searle, 1965; Hoffman and Ison, 1980; Ison and Hoffman, 1983; Pilz, 1989 ). This effect is called prepulse inhibition. We tested whether a similar effect can be observed in giant PnC neurons by stimulating eight cells with two acoustic stimuli (pair pulses) at interstimulus intervals between 40 msec and 500 msec. At interstimulus intervals shorter than 400 msec, the responses to the second pulse were smaller than those to the first pulse, in terms of both EPSP amplitude (Fig. 7A-C ) and spike number (Fig.  7D-F) . The attenuating influence of the paired-pulse stimulation was independent of the duration of the first pulse over the range tested (compare Fig. 7A,B) , but it clearly depended on its amplitude (Fig. 7C) . When the amplitude of the first pulse was 34 dB lower than that of the second pulse, no effect on the response to the second pulse was observed.
Habituation to repetitive acoustic stimulation A characteristic feature of the ASR is a decrease of its amplitude with stimulus repetition, that is, a habituation of the response (Prosser and Hunter, 1936; Moyer, 1963; Leaton, 1976; Davis and File, 1984; Pilz, 1989) . In order to test if an analogous phenomenon occurs in giant PnC neurons, we studied the influence of stimulus repetition on the response amplitude. An example of a neuron's response is illustrated in Figure 8 . Following a stimulus-free period of 5 min, the neuron generated action potentials to the first and third stimulus and EPSPs to all subsequent stimuli with decreasing amplitudes ( had very similar effects (Fig. 8B) , thus showing that the response of giant PnC neurons does in fact habituate. As the greatest decline of the response was found to the first two or three stimuli of a sequence, the resulting time course of the habituation was similar to that found in the ASR (e.g., Caeser et al., 1989) .
It cannot be ruled out that our habituation data may not represent habituation, but rather prepulse inhibition, because we stimulated at a frequency of 1.5 Hz, at which prepulse inhibition can occur. However, two observations support our conclusion that we indeed describe habituation. First, the time course of our data is typical for habituation and was not reported for prepulse inhibition. Second, we did not see attenuating effects in our prepulse inhibition experiments, when stimuli with interstimulus intervals longer than 400 msec were applied. Thus, we will use the expression "habituation" in the following.
Sensitivity to stimulation of the amygdaloid complex To clarify the issue of whether giant PnC neurons receive synaptic input from the amygdala, an important site for fear potentiation of the ASR (summarized in Davis, 1992) we stimulated the amygdaloid complex electrically while recording intracellularly from seven giant PnC neurons that could be driven acoustically (Fig. 9BIJ32) . Six of these responded with shortlatency EPSPs that gave rise to action potentials (Fig. 9AI,A2) . The average EPSP onset latency, measured at stimulus intensities near firing threshold, was 2.9 msec (range, 1.6-3.7 msec; N = 6) and the maximal EPSP amplitude was reached after 6.1 msec (range, 3.6-10.1 msec). When electrical stimulation of the amygdala was performed in conjunction with acoustic stimu- lation, the resulting response amplitude became larger (Fig.  9Cl,C2 ), indicating that amygdaloid activity enhances the response to acoustic stimuli.
Taken together, the results from our intracellular recordings show that giant PnC neurons receive short-latency, excitatory acoustic input. They have high firing thresholds and broad frequency tuning, and they are sensitive to stimulus rise time and paired-pulse stimulation (prepulse inhibition). Moreover, their responses to repetitive acoustic stimulation habituate and they receive a short-latency, excitatory input from the amygdala (fear potentiation), all of which are features also very characteristic of the ASR. These parallels between the behavior of the animal and the physiological properties of the neurons reinforce the idea that the giant PnC neurons mediate the ASR.
Eferent projections of giant PnC neurons
In order to analyze the efferent projections of PnC neurons, we performed anatomical and electrophysiological studies with both intracellularly (HRP) and extracellularly (Fluoro-Gold) applied tracers and antidromic electrical stimulation, respectively. Intracellular injections of HRP into physiologically characterized PnC neurons revealed the axonal morphology of 30 neurons; 15 neurons with well-stained axons were chosen for a detailed analysis and graphically reconstructed. With the remaining 15 neurons we determined their general axonal trajectory without looking at termination sites. An additional neuron was included in our analysis that had a complex axonal morphology but could not be unequivocally identified as a giant PnC neuron because its cell body was not localized. . Sensitivity to paired-pulse stimulation (prepulse inhibition). A-C, Averaged EPSPs following paired-pulse stimulation. A and B, Shortening the interstimulus interval between the two pulses decreases the amplitude of the second EPSP. Repetition rate, 0.5 Hz. In A, the horizontal bars are 80 msec; stimulus intensity was 80 dB SPL. In B, duration of the first pulse (short bars) was 20 msec; duration of the second pulse (long bars) was 80 msec. C, The attenuating effect of the first pulse can also be seen if its amplitude is lower than that of the second pulse. Duration of the first pulse, 20 msec; duration of the second pulse, 80 msec; interstimulus time interval, 40 msec. SF, Effect of paired-pulse stimulation on the spike pattern (noise stimuli, 80 dB SPL, duration, 40 msec; interstimulus time interval, 60 msec).
Of 31 giant PnC neurons, 28 (90%) were classified as retias far as the ventral white matter of the cervical spinal cord culospinal cells and had very similar axonal trajectories. Their (Figs. lOA, 1 lA) , where the HRP reaction product became inaxons were thick in the vicinity of the cell body (mean diameter, visible. Within the medial longitudinal fascicle, up to five first-3.4 km) and initially projected in the dorsomedial direction order collaterals emerged, generally branched again, and formed before bending and descending ipsilaterally and caudally in the axonal arbors, predominantly ipsilaterally. Axonal arbors and medial longitudinal fascicle. Descending axons could be traced terminal structures were seen in the parvocellular reticular nu- cleus, the gigantocellular reticular nuclei (alpha and ventralis), the dorsal paragigantocellular nucleus, and the medullary reticular formation. Aside from these reticular projections, axonal arbors and terminals were found bilaterally in the facial nucleus ( Fig. 10&D ) and ipsilaterally close to the hypoglossal nucleus and in the ventral spinal gray matter. Particularly interesting in respect to the ASR were the termination areas within the facial nuclei, which were restricted to the medial aspects of the nuclei (Fig. lOC) , that is, to areas where motoneurons for the pinna muscles are located (Friauf and Herbert, 1985) . It is well known that the pinna muscles participate in the ASR (Davis and Astrachan, 1978; Caeser et al., 1989) . Aside from the commonly observed reticulospinal trajectory of the axons, two other projection patterns were observed. One type of axon (n = 2, 7%) projected on the ipsi-and contralateral side in rostra1 and caudal directions while giving off numerous collaterals within the mesencephalic, the pontine, and the medullary reticular formation (Fig. 11B) . The caudally projecting axon collaterals did not course in the medial longitudinal fascicle and the neurons could not be activated antidromically by spinal cord stimulation. According to the axonal trajectory, we refer to this type as reticuloreticular. We labeled one neuron whose axon projected in a rostra1 direction in the medial longitudinal fascicle without giving off collaterals. As the labeling of the main axon faded about 1 mm rostra1 to the cell body without forming any terminal fields, the projection pattern remained unclear.
In summary, 90% (28 of 31) of the intracellularly labeled neurons were identified as giant reticulospinal PnC neurons. According to their axonal course and their thick axonal diameter, these neurons are well suited for transmitting excitation quickly to postsynaptic neurons in the brainstem and the spinal cord. As all of these neurons could be acoustically excited at short latencies, they are able to function as relay neurons between auditory brainstem neurons and spinal motoneurons.
With our intracellular labeling experiments we were unable to identify the termination sites of the giant PnC neurons within the spinal cord. We therefore investigated the efferent projections originating from the PnC by means of anterograde tracing following injections of PHA-L (Fig. 12) . These injections labeled a great number of axonal elements (mean diameter, 3.4 pm; range, 1.3-7.0 pm) within the white matter of cervical and thoracic levels of the ventral spinal cord (Fig. 13) , predominantly on the ipsilateral side. In terms of both their trajectory and their thickness, the PHA-L-labeled axons were strikingly similar to those labeled intracellularly with HRP, thus indicating that axons of giant PnC neurons indeed project as far as thoracic levels of the spinal cord. Often collaterals were seen on the PHA-Llabeled axons that coursed into the spinal gray matter and formed terminal structures, mainly in the ventral horn (laminae V-IX) of the cervical and thoracic spinal cord (Fig. 13) . As the cell bodies of spinal motoneurons are located in these areas, the results indicate that reticulospinal PnC neurons are premotoneurons.
To confirm that at least some of the axonal projections from the PnC to motoneuron pools in the spinal cord were formed by axons of giant neurons, we stimulated the ventral white matter of the thoracic spinal cord electrically while recording intracellularly from these cells. Seven of 18 giant PnC neurons tested could be antidromically stimulated, thereby identifying a direct projection from giant PnC neurons to ventral areas, presumably motoneuron pools, ofthe thoracic spinal cord. The mean latency of the antidromic action potentials was 1.2 msec (range, l.l-1.4 msec). As we always measured the distance between the stimulating and the recording electrodes, we were able to cal- 
Summary
Taken together, our results show that giant PnC neurons are likely candidates for the mediation of acoustically elicited behavior such as the short-latency ASR. These cells enable very quick transmission (within 6.2 msec) of acoustic information from the periphery to motoneuron pools in the brainstem and the spinal cord. As they receive input from auditory nuclei and in turn project into motoneuron pools, they form a direct linking element in an acousticomotor pathway and, literally, a sensoPnO rimotor interface. All of the tested typical characteristics of the ASR, such as high threshold, sensitivity to stimulus rise time, prepulse inhibition, and habituation, are paralleled by the response properties of giant reticulospinal PnC neurons. These neurons are therefore in a perfect position to participate in the mediation of the ASR and to form a neuronal substrate for the analysis of behavior in mammals. Discussion A great amount of evidence has already pointed out the PnC's crucial role in the elementary startle circuit (Szabo and Hazafi, 1965; Hammond, 1973 Davis et al., 1982a; Siegel and Tomaszewski, 1983; Boulis and Davis, 1989; Mtiller and Klingberg, 1989; Yeomans et al., 1989) . In our opinion, the most convincing data have been provided by Wu et al. (1988) who found a correlation between the ASR and neuronal activity in the PnC, and by Koch et al. (1992) who described a loss of the ASR after axon-sparing lesions with the neurotoxic substance quinolinic acid. Their data revealed a significant correlation between the number of giant PnC neurons and the amplitude of the ASR, suggesting that these cells form a synaptic relay station in the elementary acoustic startle circuit. The aim of the present study was to investigate whether giant PnC neurons fulfill essential physiological and anatomical requirements that would enable them to participate directly in acoustically elicited behavior such as the ASR. Based on our electrophysiological (see Methodological considerations in Materials and Methods) as well as anatomical results, we suggest that these cells act as a direct linking element between sensory neurons and motoneurons. As they receive direct input from neurons in the cochlear nuclear complex and in turn project to motoneuron pools in the brainstem and spinal cord, the elementary startle circuit most likely comprises fewer central relay stations than previously proposed. Indeed, from our data we conclude that there are only three central synaptic stations: neurons in the CRN, giant reticulospinal PnC neurons, and cranial and spinal motoneurons (Fig. 14) . The evidence for our proposal of such a short and simple elementary startle circuit will be outlined in the following. We will first concentrate on the physiological properties of the giant PnC neurons and then discuss their afferent and efferent connectivity. Giant PnC neurons-a neuronal correlate of the ASR? The short EPSP onset latency and spike latency of 2.6 msec and 5.2 msec, respectively, that we recorded in giant PnC neurons in response to noise pulses (Lingenhohl and Friauf, 1992 ; present results) were one of the criteria that these cells had to fulfill in order to be able to participate in the ASR. During the course of our study, we found many additional response properties of giant PnC neurons that are also characteristic of the ASR.
High firing thresholds and broad frequency tuning. EPSP thresholds to acoustic stimuli exceeded 60 dB SPL in almost half of our sample and 50% of all cells did not generate action potentials when sound intensities of 80 dB SPL were offered, consistent with results from extracellular recordings (Ebert and Koch, 1992) . Spike thresholds of most auditory brainstem neurons are typically much lower (O-30 dB SPL, e.g., Goldberg and Brown, 1969) , indicating that giant PnC neurons have particularly low sensitivity. As the acoustic startle threshold of the rat runs nearly parallel to, and 87 dB SPL above, the curve of hearing threshold (Pilz et al., 1987) there is a good match between the ASR threshold and the firing threshold of giant PnC neurons.
Sensitivity to stimulus rise time. The shape of the acoustic stimulus is known to influence the ASR (Fleshler, 1965; Marsh et al., 1973) . Both the amplitude and latency of the ASR are affected by the stimulus rise time: reducing the rise time increases the ASR amplitude and decreases its latency (Pilz, 1989) . Very similar effects are also observed in giant PnC neurons; for example, spike latencies decreased more than threefold when the stimulus rise time was decreased from 40 msec to 2.5 msec. In contrast, the tonic response could even be increased when stimuli with successively longer rise times were used, in contrast to the effect observed on the ASR. These data indicate that the magnitude of the onset response, rather than the spike activity during the tonic response, is relevant for the primary ASR. Furthermore, synchronous onset activity in giant PnC neurons, as observed with short rise times, will more likely result in suprathreshold excitation in motoneurons (due to spatial and temporal summation phenomena), which is essential to elicit an ASR. cord was cut into three parts, roughly corresponding to the cervical, thoracic, and lumbar regions. These parts were cut sagittally, and sections from the cervical (labeled A, B) and the thoracic regions (labeled C, D) are illustrated (see low-power drawing at the top for their approximate location in the spinal cord). Rostra1 is to the right and dorsal to the top. Dotted lines surround the gray matter. Scale bar, 1 mm.
Sensitivity to paired-pulse stimulation. Prepulse inhibition of msec prepulse duration, with and without background stimuthe ASR has been thoroughly investigated (Hoffman and Searle, lation) , one should be careful when attempting to compare di-1965; Hoffman and Ison, 1980; Ison and Hoffman, 1983; Pilz, rectly the behavioral and electrophysiological results. Never-1989) and we found a corresponding phenomenon in the retheless, the response of giant PnC neurons is attenuated by sponse pattern of giant PnC neurons; that is, we observed an paired-pulse stimulation, and prepulse inhibition is therefore effect of the interstimulus interval on the EPSP amplitude that likely to occur at the synapses onto giant PnC neurons or even resembled the effect on the startle amplitude. However, since earlier, but not in the spinal cord. This assumption is in agreedifferent stimulus parameters were used (e.g., 10 msec vs 80 ment with results from extracellular recordings that also dem-and Friauf * Giant PnC Neurons and the Acoustic Startle Response Figure 14 . Schematic diagram of the presumptive elementary acoustic startle circuit in the rat brainstem as suggested by our anatomical and electrophysiological results. The proposed circuit comprises only three central relay stations: CRN neurons (I), which receive direct input from auditory nerve fibers; giant reticulospinal PnC neurons (2); and cranial (3') and spinal motoneurons (3", 3"').
onstrated the inhibitory effect of prepulse stimulation on the spike activity of PnC neurons (Wu et al., 1988) . As we never observed IPSPs in our recordings, it is possible that presynaptic inhibition may occur in the PnC. Alternatively, auditory input neurons to giant PnC cells may already be sensitive to pairedpulse stimulation. Habituation to repetitiveacousticstimulation. The ASR shows habituation to a repeated acoustic stimulus and we found an equivalent in giant PnC neurons. Neurons in the pontomedullary reticular formation have previously been reported to habituate to repetitive sensory stimulation (Peterson et al., 1976) and the most effective stimulus rates of 0.25-2 Hz described by these authors are well matched by our parameters (l-l.5 Hz). As habituation in giant PnC neurons occurred during the first stimuli within a trial and did not abolish the response completely, it is clear that most of our electrophysiological data are not distorted by dynamic habituating effects, because they were obtained when a steady state response was present. Again, it would be interesting to know whether the habituation occurs at the level of giant PnC neurons or before. The latter possibility was favored by Peterson et al. (1976) particularly due to the observation that the spontaneous activity of pontomedullary neurons did not change under conditions of habituation, indicating that these neurons do not receive direct, long-lasting inhibition that may depress their response. As electrical stimulation of the cochlear nuclear complex but not the reticular formation also results in habituation of the startle-like response (Davis et al., 1982b) , it is very likely that the synapse between cochlear nuclear complex neurons and giant PnC cells is prone to habituation.
Sensitivity to stimulation of the amygdaloidcomplex. Aversive stimuli presented to the animals are known to increase the amplitude of the ASR. This effect is called fear potentiation (Brown et al., 195 1; Davis et al., 1991) . It has been shown that the amygdaloid complex is involved in fear potentiation (reviewed in Davis, 1992) that there is a direct projection from the amygdaloid complex into the PnC (Rosen et al., 1991; Koch and Ebert, 1993) and that electrical stimulation of the amygdaloid complex enhances the startle response Davis, 1988, 1990) . Our data show that there is an excitatory projection from the amygdaloid complex to giant PnC neurons, but the latency (2.9 msec to EPSP onset, 6.1 msec to EPSP maximum) does not necessarily suggest a direct, monosynaptic pathway. Moreover, our results that show that single electric shocks can elicit long-lasting EPSPs and bursts of action potentials in giant PnC neurons, point to the possible involvement of additional neuronal elements. These elements are likely to mediate excitation into the PnC by several parallel pathways that finally converge on giant PnC neurons.
Auditory afferents into the PnC
The results from our Fluoro-Gold tracing experiments showed that the greatest number of labeled input neurons were located in the DCN, followed by the LSO and the VCN. About 1% of the total auditory input originated from neurons in the CRN and only a negligible number of labeled neurons were seen in the NLLs. These findings are in contrast to previous results (Davis et al., 1982a) that identified the dorsal NLL as the only auditory nucleus giving rise to input into the PnC. However, our results are consistent with those of Shammah-Lagnado et al. (1987) who also did not see a projection from the NLLs into the PnC. Consequently, our data and those of Shammah-Lagnado and colleagues do not support the conclusion that the ventral and/or dorsal NLL are a synaptic link in the elementary startle circuit, as has been previously hypothesized (Davis et al., 1982a .
The idea that the NLLs do not play a substantial role in the elementary startle circuit is further corroborated by the fact that the relatively long response latencies of NLL neurons (4.4-7.4 msec; PreuI3, 1991) do not fit with the very short electromyographic latencies (5-6 msec; Hammond et al., 1972; Pilz et al., 1988; Rosen and Davis, 1988; Caeser et al., 1989; Pellet, 1990) reported for the ASR in head and neck muscles. We did, however, retrogradely label neurons in the ventrolateral tegmental nucleus (VLTg), an area immediately ventromedial to the ventral NLL. The VLTg is known to receive input from the VCN (Kandler and Herbert, 199 1; Klepper and Herbert, 1992) and to project into the PnC (Klepper and Herbert, 1992 ) and startle-like responses appear to be mediated by the VLTg (Frankland and Yeomans, 1992) . Thus, it is conceivable that this nucleus also forms an important synaptic relay station in the ASR circuit. Nevertheless, we favor the idea that direct axonal projections from neurons within the cochlear nuclear complex provide an input to the PnC that is sufficient for eliciting a primary ASR. Despite the high number of DCN neurons that project into the PnC, these cells are unlikely to participate in the primary ASR, as the long response latencies in the DCN (4-14 msec; Yajima and Hayashi, 1989) are incompatible with the average EPSP onset latency of 2.6 msec in giant PnC neurons. This assumption is fully in line with results showing that electrolytic lesions of the DCN fail to abolish the shortlatency ASR (Davis et al., 1982a) . Nonetheless, our present results demonstrate that DCN neurons exert an excitatory input onto giant PnC neurons and, therefore, we conclude that the DCN may well have a modulating effect on the ASR, which in fact may be quite a strong effect due to the high number of input neurons. For the same reasons, a modulating effect on the ASR may also be attributed to LSO neurons.
Nine percent of the total number of Fluoro-Gold-labeled auditory input neurons to the PnC were located in the VCN, with neither the anterior nor the posterior division being particularly dominant. Response latencies ofrat VCN neurons (2.2-2.6 msec; Friauf and Ostwald, 1988) are sufficiently short to account for ASR latencies, thereby suggesting that VCN neurons could be involved in the ASR, which is consistent with the report that electrolytic lesions of the posterior VCN abolish the ASR and that electrical stimulation of this area elicits an ASR-like response (Davis et al., 1982a) . However, following injections of the anterograde tracer PHA-L into the VCN, only very few axon collaterals were seen in the PnC (Kandler and Herbert, 1991) indicating that VCN neurons have only weak terminal arbors in the PnC. This conclusion is further corroborated by the results of intracellular HRP injections into VCN neurons, which demonstrated axon collaterals, but no prominent terminal arbors, within the PnC (Friauf and Ostwald, 1988) . Taken together, these data reinforce the idea that the VCN plays no significant role in the elementary ASR circuit.
CRN as a synaptic relay in the ASR? Neurons within the CRN, which is also called the "acoustic nerve nucleus" were consistently labeled by our Fluoro-Gold injections into the PnC, yet their contribution to the total number of auditory input neurons was very small (only 1%). Initially, this result seemed to conflict with the possible role of these neurons in the mediation of the ASR. Nevertheless, we continue to consider these multipolar cells the most likely candidates among neurons of the cochlear nuclear complex, due to a variety of reasons. First, it is important to consider that the total number of CRN neurons, which appear to form a single morphological class Merchan et al., 1988) is quite low in the rat: reported numbers are 122 (range, 76-l 46; Harrison and Irving, 1966) and 40-50 (Merchan et al., 1988) . Second, CRN neurons most likely receive direct input from auditory nerve fibers, because all synaptic endings on the cells disappeared after destruction of the auditory nerve Harrison and Irving, 1966) . Synaptic endings, consisting ofterminal boutons, are present in large numbers (Harrison and Irving, 1966) and resemble those arising from auditory nerve fibers (Merchan et al., 1988) . Terminal boutons mainly contact the soma and cover 37-47% of its surface (Merchan et al., 1988) suggesting that synaptic transmission is fast, reliable, and powerful. Interestingly, the vast majority of axosomatic boutons contain round vesicles and form asymmetric synapses (Merchan et al., 1988) , providing evidence of excitatory input. Third, the peripheral location of the CRN indicates that its neurons receive auditory input earlier than all other cells in the auditory pathway (e.g., cells in the VCN), which is in full agreement with the very short EPSP latencies (2.6 msec) of giant PnC neurons. Fourth, CRN neurons have thick soma diameters (-35 wrn; Harrison and Irving, 1966; Ross and Burkel, 197 1; Merchan et al., 1988) and appear to be the largest cells ofthe cochlear nuclear complex . They give rise to myelinated, large-diameter axons (3.7 Frn; Harrison and Irving, 1966; Merchan et al., 1988 ) strongly suggesting that they have fast-conducting axonal properties. Some of their dendrites are clearly oriented across the auditory nerve fibers (Merchan et al., 1988) indicating that they receive input from a broad frequency range. The transmitter phenotype of CRN neurons has not been identified as yet, but they do not contain the inhibitory transmitters glycine and GABA (Kolston et al., 1992) or ACh (Yao and Godfrey, 1992) . Thus, it is well conceivable that they use glutamate or another excitatory transmitter, which one should expect if they play a role in eliciting the ASR. The latter assumption is in accordance with recent data demonstrating that the short-latency acoustic input to PnC neurons is mediated by glutamate receptors of the AMPA/kainate subtype (Ebert and Koch, 1992) . Finally, it is worthwhile to review the histology and extent of the lesions in the posterior VCN that Davis et al. (1982a) successfully produced in order to abolish the ASR. From their published data (see their Fig.  3 ) it can be inferred that even their smallest lesions were located remarkably ventral in the cochlear nuclear complex and clearly involved areas that are occupied by the ventral acoustic stria. CRN neurons have been reported to send their axons into the ventral acoustic stria (Harrison and Irving, 1966; Merchan et al., 1988; Lopez et al., 1993) , and therefore it is quite possible that Davis et al. (1982a) in fact destroyed their output fibers as well.
Anterograde tracing studies are certainly necessary to determine the target nuclei of CRN neurons and to address the question of whether these cells contribute a substantial auditory input to the PnC. Interestingly, preliminary studies employing PHA-L injections into the CRN have yielded the first evidence that axon arbors of its neurons do indeed terminate in close vicinity to somata of giant PnC neurons (D. E. Lopez, personal communication) , and the perisomatic terminals are indicative of a fast and very powerful auditory input onto giant PnC neurons. Clearly, further studies on CRN neurons are necessary to elucidate their potential role in the ASR. Nevertheless, all the above-mentioned characteristics of CRN neurons are in line with the idea that they form the first central relay station in the elementary startle circuit.
Efferent projections of giant PnC neurons
Reticulospinal projections. Ninety percent of our sample of intracellularly labeled giant PnC neurons had thick axons that projected ipsilaterally into the spinal cord (reticulospinal neurons). A similar projection pattern was earlier observed in neu-Li ngenhdhl and Friauf * Giant PnC Neurons and the Acoustic Startle Response rons of the cat gigantocellular tegmental field (Grantyn et al., 1987 (Grantyn et al., , 1992 Mitani et al., 1988a) , which corresponds to the PnC (Hammond, 1973; see also Lingenhiihl and Friauf, 1992) . Although we could not trace the axons of giant PnC cells beyond the level of the cervical spinal cord, the results of our PHA-L tracing experiments show that axonal projections from PnC neurons extend into thoracic levels of the spinal cord and form terminal arbors in areas containing motoneuron pools, thus confirming previous reports in rats (Jones and Yang, 1985; Newman, 1985) and cats (Tohyama et al., 1979; Holstege and Kuypers, 1982; Mitani et al., 1988b) . Moreover, our antidromic stimulation experiments identified giant PnC neurons as a source of these descending projections and also demonstrated that they have fast axon conduction velocities (about 50 m/set), as has been previously proposed (Yeomans et al., 1989) . In the cat, conduction velocities of 40-l 10 m/set have been reported (Mitani et al., 1988a; Grantyn et al., 1992) . Two of 31 giant PnC neurons had terminal axon arbors bilaterally in the facial nucleus. The restriction of these arbors to the medial column is interesting because motoneurons to the pinna muscles are located here (Friaufand Herbert, 1985) . Some of the giant PnC neurons may consequently participate in transmitting acoustic information to cranial motoneurons that are involved in the ASR (Pilz et al., 1988; Caeser et al., 1989; Pellet, 1990) or the pinna reflex ). We did not see projections into the motor trigeminal nucleus (MOM), whose motoneurons also innervate muscles (e.g., the temporal and masseter) that are involved in the ASR (Pilz et al., 1988; Caeser et al., 1989) . As these muscles begin to contract about 1 msec later than pinna muscles (Caeser et al., 1989) it is possible that an additional synaptic relay station in the reticular formation is involved. The identity of this relay station is completely unclear at present.
Taken together, our findings that giant PnC neurons send out fast-conducting axons, which project into areas containing cranial and spinal motoneurons, lend further credence to the assumption that they act as a sensorimotor interface in the ASR.
Reticuloreticular projections. Reticuloreticular neurons with bilateral axon arbors formed only a minority in our sample, corroborating similar results in the cat (Mitani et al., 1988a) . As to the function of these neurons, one can only speculate that they may participate in one or another context attributed to the reticular formation (e.g., REM sleep, arousal, locomotion, pain; for summary, see Siegel, 1979) .
A short elementary startle circuit of only three central relay stations? AS outlined above, CRN neurons are in a perfect position to transmit short-latency acoustic input to giant PnC neurons and they may, therefore, participate in the ASR. In addition, giant reticulospinal PnC neurons are likely presynaptic to cranial and spinal motoneurons that also participate in the ASR. Based on these and all the other presently available data, we propose an elementary acoustic startle circuit that comprises the following elements: auditory nerve fibers, CRN neurons, giant reticulospinal PnC neurons, and cranial and spinal motoneurons (Fig. 14) . This circuit encompasses only three central synaptic relay stations and is thus shorter and less complex than previously suggested (Davis et al., 1982a) .
Startle circuits show a convergent evolution in the reduction of the number of synaptic connections between sensory neurons and motoneurons in diverse invertebrate phyla (reviewed in Eaton, 1984) . This reduction is also evident in lower vertebrates where startle is mediated by a well-described circuit. Given that the brainstem has a common genetic basis in vertebrates and is the most highly conserved region of the vertebrate brain, it is not surprising that the elementary acoustic startle circuit of rats comprises only three central relay stations.
Conclusions
The present study has characterized brainstem neurons that most likely are involved in the mediation ofacoustically induced behavior such as the ASR. As these neurons form a sensorimotor interface in a short circuit that is likely to be composed of only three central synapses and mediates a reflex-like response, they are an appropriate substrate for investigating the neuronal basis of behavior in mammals. The fact that electrophysiological characterization of these neurons can be combined with morphological verification (by means of intracellular recordings and dye injections) offers the possibility of analyzing the neuronal mechanisms of mammalian behavior even at the level of individual, identified neurons. In conclusion, we think that there is a good chance of using the giant PnC neurons as a useful model for elucidating the neuronal mechanisms that underlie habituation, sensitization, prepulse inhibition, and other types of plasticity observed in the startle response. Further studies on the pharmacology of synaptic transmission and the interplay of convergent synaptic inputs are necessary in order to achieve this goal.
Note added in proof After this article had been accepted, a report by Miserendino and Davis (1993) appeared, in which the authors mention that the depression of startle found after local infusion ofglutamate antagonists near the ventral NLL probably resulted from spread of the drugs to the nearby PnC. This report therefore corroborates our conclusion that the ventral NLL plays no major role in the elementary ASR circuit.
